Reports on the effects of cholestyramine on small intestinal structure of rats have produced contradictory data about changes in mucosal histomorphometry, perhaps due to interacting effects of dietary composition. In order to identify effects of cholestyramine and diet on structure of the small intestines, 40 male rats were divided into 4 groups of 10 and fed 1 of each of the following diets for 1 month: standard diet, purified fiber-free diet, standard diet + 2% cholestyramine, or purified fiber-free diet + 2% cholestyramine.
INTRODUCTION
Cholestyramine, a hypocholesterolemic agent, is a nonabsorbable ion-exchange resin that sequesters bile acids within the intestinal lumen (4) . Although the agent effectively lowers blood concentrations of cholesterol and thus is a viable treatment for hypercholesterolemia in humans- (14) , it causes structural and functional changes within intestinal mucosa of rats when present in the diet (1, 2). In studies of rats fed diets containing certain resins (including cholestyramine) or increased quantities of specific dietary fibers, severity of morphologic changes in intestinal villi (swelling of enterocytes detected by scanning electron microscopy) strongly correlated with the potency of each agent to bind bile acids. The findings implicate sequestration of bile acids within the intestinal lumen as a mechanism for lowering serum cholesterol concentration and for causing mucosal damage.
Various studies of cholestyramine in rats have produced conflicting data with regard to its effects on architecture of the small intestines. In a 2-wk rat study, 2% dietary cholestyramine reduced weights of jejunal and ileal mucosae compared to chow-fed controls; however, neither mucosal crypt depth nor villus height were affected by treatment (13) . In a similar study (8) . 2% cholestyramine reduced ileal villus height (jejunum not evaluated). Conversely, when a 1% cholesterol diet was fed to rats for 3 wk, 5% dietary cholestyramine increased mucosal thickness (villus height + crypt depth) in small intestines relative to the effect of 5% dietary cellulose (7) . When diets were free of 1% cholesterol, mucosal thickness of proximal small intestine did not differ be-tween rats fed 5% dietary cholestyramine and those fed 5% dietary cellulose (7) .
The present study was undertaken in order to characterize the effects of cholestyramine in intestines of Sprague-Dawley rats, under conditions consistent with .those routinely used in nonclinical safety studies within the. pharmaceutical industry. Additionally, the study sought to identify any interacting effects among variables of anatomic site Qejunum versus ileum), diet (standard versus purified), or cholestyramine (0% or 2% of diet) that could help explain the reason for the conflicts reported in previous studies of cholestyramine. Effects of diet and cholestyramine on serum cholesterol and triglyceride concentrations were also evaluated.
MATERIALS AND METHODS
Forty male Sprague-Dawley rats, weighing approximately 90 g, were obtained from Charles River (Raleigh, NC) and acclimated to their facilities, in wire-bottomed cages, for 2 wk before the study began. All procedures were carried out in accordance with institutional animal care and use guidelines. Rats were randomly assigned in a weight-stratified manner to each of 4 groups of 10 rats for a 1-month ad Zibititrn feeding study. Dietary groups were as follows: standard rat feed (approximately 4% fiber composition; Agway Plain Rodent Diet, Syracuse, NY); purified fiber-free diet (Results" diet #F2482, Bioserv, Frenchtown, NJ); standard rat feed that contained 2% cholestyramine (Sigma, St. Louis, MO); or purified fiber-free diet that contained 2% cholestyramine. Food consumption and body weight were monitored each week of the study.
After a period of overnight fasting, blood was collected from the retro-orbital sinuses of rats prior to necropsy. Serum concentrations of cholesterol and triglycerides 0192-6233/9853.OO+SO.00
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cDiet and cholestynmine produced interactive effects (p < 0.05 by analysis of variance test).
were subsequently quantified. Terminal body weights were recorded and euthanasia was performed via intraperitoneal injection of sodium pentobarbital. At necropsy, the entire small intestine (gastroduodenal junction to ileocecal junction) was dissected free and its length measured with a 12-g weight attached to the distal end in order to achieve uniform elongation (6). Total weight of the entire small intestine was recorded and multiple 2-cm-long pieces of tissue were collected, 3 from the jejunum (middle portion of entire small intestine) and 1 from the ileum (at junction with cecum). Intestinal sections were incised lengthwise along the antimesenteric border, pinned at each of the resulting 4 comers to a Styrofoam block, and immersion fixed in neutral-buffered 10% formalin (6) . Remaining portions of the entire small intestine were flattened against a cork board, and the mucosal surface was rinsed with isotonic saline, blotted lightly with a moist paper towel, and scraped with a glass slide to collect mucosal tissue (13) . Mucosal scrapings were collected into a weigh boat, and weights were recorded for each animal.
Jejunal sections were held in fixative solution for 5 days and each was subsequently trimmed to produce 3 longitudinal sections. Trimmed sections were dehydrated in graded alcohols, embedded in paraffin, sectioned at a thickness of 6 pm, placed on glass slides, and stained with hematoxylin and eosin. Slides were evaluated subjectively for the presence of histologic changes. For objective mucosal histomorphometry, image analysis software (OptimasB Corporation, Bothell, WA) was applied to images acquired through the use of a video camera that linked a microscope to a computer equipped with a frame grabber. Measurements that were obtained from the images included thickness of mucosa (distance from villus tip to muscularis mucosa) and depth of intestinal crypts (distance from top of villus crypt to muscularis mucosa) (5) . Height of villi were obtained as the thickness of the mucosa minus the depth of crypts. Ratios of villus height to crypt depth were subsequently calculated. Three longitudinal sections of jejunum and ileum, respectively, were evaluated per rat to allow measurement of a total of 90 villi and crypts per animal. For all measurements, mean values for each animal were used to calculate mean values for each group. Data were analyzed by the analysis of variance with a significance level of p < 0.05, in order to detect effects of treatment and interactions among the variables of anatomic site (jejunum versus ileum), diet (standard versus purified fiber-free), and cholestyramine (0% or 2% of diet).
RESULTS

Clinical Observations, Clinical Clieinistry, arid
Necropsy (Table I ) No abnormal clinical signs were observed in any animals and no differences in food consumption, body weight, or body weight gain were observed among groups (data not shown). Serum concentrations of both cholesterol and triglyceride were moderately higher in rats fed the purified fiber-free diet than in those fed the standard diet (p < 0.05); however, cholestyramine had no effect (p > 0.05). Neither total weight nor total length of small intestine were affected by either diet or presence of cholestyramine (p > 0.05). Mucosal weight, however, was affected by interactions between diet and cholestyramine (p < 0.05) (i.e., histomorphometric effects produced by diet were confounded by cholestyramine or vice versa). No macroscopic changes were observed in intestines of rats at necropsy.
Histopatliology and Histoiitorpltot~tetry of Entire Siitall Intestine (Tables II-IV)
No histologic changes were observed in intestines of any rats; however, some variation in histomorphometric Values were higher in rats fed the purified diet than in those fed the standard diet and values were decreased by the presence of cholestyramine 0, < 0.05 by analysis of variance test).
data was detected. Villus height was greater in the jejunum than in the ileum; however, 2-way interactions of tissue site with both diet and cholestyramine were observed (p < 0.05). The presence of interactions indicated that potential effects of any 1 variable were subject to modification or prevention by effects of either 1 (2-way interaction) or both of the other 2 (3-way interaction) variables. Crypt depth, which was not affected by cholestyramine, diet, or interactions between the 2, was-greater in the jejunum than it was in the ileum (p < 0.05). For total mucosal thickness, interactions were observed between cholestyramine and tissue site (p < 0.05). Although cholestyramine tended to reduce total mucosal thickness overall, the response differed slightly between the jejunum and ileum (see results below). Villus : crypt ratio was a product of 3-way interaction among tissue site, diet, and cholestyramine (p < 0.05). The ratio tended to be greater in the jejunum than in the ileum and when cho= lestyramine was absent from the feed. Because variations between tissue sites often produced interactions, jejunum and ileum were further analyzed separately. (Table III) For parameters of villus height, crypt depth, and villus : crypt ratio, interactions between diet and cholestyramine were observed (p C 0.05). The tendency for villus height to be greater in rats fed the purified diet was complicated by the tendency for cholestyramine to slightly decrease villus height, particularly under conditions of purified diet. Any effect of cholestyramine on crypt depth, however, was totally dependent upon diet because the resin's tendency to increase crypt depth slightly under conditions of purified diet was contrary to its tendency for reduction under conditions of standard diet (Fig. 1) . Accordingly, villus : crypt ratio tended to be slightly reduced when cholestyramine was present within the purified diet. For total mucosal thickness, both diet and cholestyramine produced significant effects without interactions. Mucosal thickness was decreased in the presence of cholestyramine (p < 0.05), regardless of diet and it was increased in rats fed the purified diet (p < 0.05), regardless of cholestyramine.
Histoniorpkometry of Jejiiiiiiiii
Histomorpliontetry of Ileinii (Table N)
Among the histomorphometric parameters within the ileum, no interactions between diet and cholestyramine were detected (p > 0.05) because dietary effects were absent. Villus height, total mucosal thickness, and villus : 'crypt ratio were reduced in the presence of cholestyramhe, regardless of diet (p < 0.05) (Fig. 2) . Crypt depth was unaffected by either diet or cholestyramine (p > 0.05).
DISCUSSION
Significant 2-and 3-way interactions were observed in the present study concerning the effects of anatomic site (jejunum versus ileum), diet (standard versus purified), and cholestyramine (0% or 2% of diet), on histomorphometric parameters of the small intestine. The finding that interactions occurred among the variables indicated that effects produced by cholestyramine often depended upon the effects of the other 2 variables. Jejunum and ileum responded similarly to the effects of cholestyramine; however, the latter was free of interactions between diet and the resin. Prospective application of these findings may indicate that use of jejunum would be preferable for detecting interactive effects between diet and the test article (i.e., cholestyramine), whereas ileum may be more useful for independent evaluation of such.
The observance of interactions among the variables of the present study is useful for exploring causes for the conflict between data reported from previous studies of cholestyramine in rat intestines. In 2 similar rat studies (8, 13) , 2% cholestyramine in a standard diet either reduced ileal villus height or had no effect upon the parameter. However, in a third study (7), ileal mucosal thickness was greater as a result of 5% dietary supplementation of cholestyramine versus cellulose. In light of the present . BURKHARDT ET AL TOXICOLOGIC PATHOLOGY .3 t 6.7  349.9 t 9.3  1.8 2 0.1 findings, the observed variability in cholestyramine effects was not surprising and was likely due to potentially undetected interactions. Histomorphometric data appear to be influenced strongly by interactions between diet and cholestyramine; therefore, results of the present study are important as an indication of cholestyramine's effects under conditions typically used for nonclinical safety studies of new compounds. Such baseline data could be useful for comparison if analogous data were to be generated for other resins or compounds. Two percent cholestyramine reduced mucosal thickness in both jejunum and ileum of the present study, regardless of diet. In the ileum, where the absence of 2way interactions allowed for rigid comparisons based upon either diet or cholestyramine alone, 2% cholestyramine reduced villus height, total mucosal thickness, and villus :crypt ratio. Considering the lack of an effect upon crypt depth (i.e., the regenerative component of the mucosa), these data implicate reduced life span of villws enterocytes as the cause for the morphometric changes. Cholestyramine-induced degeneration of apical villous enterocytes has been demonstrated by electron and light microscopy in previous studies as a potential cause for reduced life span of enterocytes and subsequent villus shortening (1, 2) . Degenerative changes were not observed in villi shortened by the cholestyramine exposures of the present study, perhaps because the prior 24-hr fasting period allowed for exfoliation of all apical villous enterocytes '(including any that may have been degenerate). Such a scenario would predict that degenerate apical *Values represent group mean t standard error. b Values were lower in rats fed diets containing cholestynmine than in those fed a cholestyrsrnine-free diet @ < 0.05 by analysis of variance test). c Neither diet nor cholestyramine caused an effect @ > 0.05 by annlysis of variance test). In the present study, cholestyramine reduced mucosal thickness but, conversely, 'had no effect on mucosal weight. This lack of correlation between mucosal thickness and mucosal weight was unexpected, given the good correlation between cholestyramine-induced mucosal thinning and reduced mucosal weights reported from some studies (8, 13) . Given that weight is a function of 3-dimensional tissue topography and that morphometric evaluations in the present study were conducted in 1 dimension, the potential was increased for obtaining disparate findings. Changes in relative numbers of villi per unit area, in relative mass density of villi per unit volume, or in diameter or shape of villi would affect weight without affecting mucosal thickness or other measured parameters (3, 13) . Moreover, the absence of a correlation between cholestyramine effects on mucosal weight and mucosal thickness in the present study may have been influenced by the relative high precision of conducting histomorphometry compared to the low precision of obtaining mucosal scrapings.
3001
Serum concentrations of cholesterol and triglyceride were higher in rats fed the purified diet than in those fed the standard diet, regardless of cholestyramine. It is well documented that dietary fiber lowers serum cholesterol concentrations (2, 1 1). Cholestyramine's inability to Iower serum cholesterol was somewhat unexpected given that the resin effectively lowered serum cholesterol in previous rat studies (6, 11) . Conflicting data between the present study and those cited above may have been due to interactive effects of diet because supplemental dietary lipid was utilized in the previous studies (7, 12) .
Rats in the present study had greater total mucosal thickness of the jejunum when fed the purified fiber-free diet compared to the standard diet (approximately 4% fiber). As with previous studies of cholestyramine's effect on intestinal mucosal histomorphometry, studies with dietary fiber have produced conflicting data. It is generally regarded that dietary fiber increases villus height and mucosal thickness (15) . However, at respective dietary percentages of 15% 15%, or 20%, cellulose (ll), pectin (1 I), or wheat bran (10) produced no change in mucosal histomorphometry (villus height or mucosal thickness). Conversely, 2 elemental fiber-free diets increased villus height and villus : crypt ratio within both jejunum and ileum of rats, compared to that of rats fed a standard chow diet (9). Obviously, other dietary factors in addition to fiber must influence villus height and total mucosal thickness as an interactive variable. Systemic, diet-induced factors (e.g., serum gastrin concentration), for example, may affect intestinal histomorphometry independent of local lumenal effects mediated by fiber (3) . The presence of any such interactive components of dietary formulations could explain the observance of conflicts in data among studies.
Overall, the present study identified interactions among variables of anatomic site, diet, and cholestyramine upon small intestinal histomorphometry of rats. The finding that 2% cholestyramine reduced mucosal thickness in the present study (regardless of diet) and among other reported studies (8, 13) strengthens the weight of evidence implicating the resin as one that reduces the life span of enterocytes. Although the reported effects of cholestyramine at the higher concentration of 5% are contradictory (7) , confirmatory studies appear to be lacking. Any summary statements that are to be made about the effects of cholestyramine in intestines of rats should, therefore, be accompanied by the details of study design, including diet. Accordingly, the present study describes cholestyramine's effects under conditions standard for nonclinical safety studies of new compounds and thus could serve as a basis for such future comparisons.
